Models for the maintenance of females in gynodioecious species are reviewed. Some new results are given concerning digenic models and models of cytoplasmic inheritance with restorer genes, when the cytoplasmic and nuclear factors may have fitness effects in addition to their effects on male fertility. It is suggested that many gynodioecious species may be interpreted as having a cytoplasmic-genic inheritance of male-sterility, and that this interpretation would resolve a number of difficulties. However, much of the evidence is circumstantial, and complete details of the genetics are not available for any case of natural polymorphism for male-sterility. This makes it impossible to test the population genetics theories in a more precise way. It is clear, however, that both the digenic and the cytoplasmic-genic model require large fitness differences if a polymorphism for females is to be maintained. Some evidence exists in maize for the type of fitness effect required by the cytoplasmic-genic model.
INTRODUCTION
Despite having been studied for a considerable time, the problem of how females are maintained in gynodioecious species remains unsolved (for a review, see Ross, 1978) . Until the genetic basis for male-sterlity is known, it seems unlikely that we will understand how this type of polymorphism is maintained. The earliest studies of such species suggested that cytoplasmic inheritance was often involved (e.g., Correns, 1906; 1908; 1916) . From the first, however, complications have been noted. Female plants in most gynodioecious species can produce hermaphrodite progeny, and the progeny of hermaphrodites can be female (Correns, 1906; 1908) .
Furthermore, "intermediate" forms are known in several gynodioecious species. These are usually hermaphrodites with some female flowers (e.g., Correns, 1906; 1916; Kheyr-Pour, 1975; Ross, 1969) . Also, the expression of male-sterility may sometimes be affected by environmental conditions. Finally, even the females are sometimes variable, showing different degrees or different types of male-sterility (e.g., Plantago lanceolata, Van Damme, personal communication). In summary, it is clear that none of the twelve species that has been thoroughly studied has simple single-factor nuclear or cytoplasmic control of male-sterility.
Two possible modes of inheritance involving two factors have been considered likely. One model that could account for the findings mentioned above, is cytoplasmic inheritance together with restorer genes. This model would reconcile the clear evidence for cytoplasmic influence that exists for some species (e.g., Origanum vulgare, Kheyr-Pour, 1975 ; Chenopodium quinoa, Simmonds, 1971; Nemophila menziesii, Ganders, 1978) with some of the complications mentioned above. Cytoplasmic-genic inheritance of this sort is well known in several cultivated species (e.g., maize, Duvick, 1965) . In some cases environmental influences on the expression of malesterility, and intermediate forms, have been noted (Duvick, 1965) , providing a parallel with the observations on naturally occurring malesterility. However, a number of genetic studies of gynodioecious species have yielded data suggesting two-locus nuclear control of male-sterility (0. vulgare, Lewis and Crowe, 1956; P. lanceolata, Ross, 1969; Cortaderia richardii, Connor, 1973) .
The purpose of the present paper is to review the conditions for maintenance of females in populations, assuming various modes of inheritance, in particular two factor models, and to integrate the conclusions about fitness differences required for the maintenance of this kind of polymorphism, with data about fitness effects associated with male-sterility factors. Unfortunately, few data on fitness effects associated with male sterility are available at present. Differences in seed output between females and hermaphrodites have been demonstrated in several species, in natural conditions (Darwin, 1877; Connor, 1973) . However, such differences must be determined in a complex fashion by the ovule outputs of the two phenotypes together with their chances of pollination. Only in self-incompatible species can we take such data as direct estimates of the fitness effects of the male-sterility factors. Such data exist for the selfincompatible species, Hirschfeldia incana (Horovitz and Beiles, 1980) and Plantago lanceolata (unpublished work of van Damme). Detailed estimates of fitness parameters require an understanding of the genetic system involved. Some information exists for maize (Duvick, 1965) . This rather fragmentary information is insufficient to allow us to decide unequivocally between alternative genetic models for gynodioecy, but a model-building approach, using the information we have and generating testable predictions, should help advance our understanding. Clearly, no model can be accepted unless it permits a polymorphism for females to exist, and unless the necessary fitness effects can be demonstrated in the species in question.
MODELS AND RESULTS
(i) Cytoplasmic-genic models The cytoplasmic-genic model studied is related to the models of simple nuclear inheritance of femaleness studied by Lewis (1941) , Lloyd (1974 Lloyd ( , 1975 and by Charlesworth and Charlesworth (1978) ; Lewis (1941) and Lloyd (1974) also studied simple cytoplasmic inheritance. Previous studies of cytoplasmic-genic inheritance either assumed no fitness differences (Watson and Caspari, 1960; Caspari etal., 1966; Costantino, 1971) , or only those associated with inbreeding depression and differential seed output of the two phenotypes, females and hermaphrodites (Charlesworth and Ganders, 1979) . None of these models permits joint equilibria.
The model studied here generalises the model of Charlesworth and Ganders (1979) to allow for the possibility of fitness differences associated with either the cytoplasmic or the nuclear factor, or both, as proposed by Delannay (1979) . (Duvick, 1965) . The fitness effect of the M gene in S cytoplasm is WN, and the fitness effect of F (non-malesterile) cytoplasm in the mm genotype is wc. Femaleness is assumed to increase ovule output by a proportion k, compared with that of hermaphrodites. Other parameters used in the model are the selfing rate, s, of hermaphrodites, the inbreeding depression, ô, defined as the relative lowering of viability of a product of self-compared with cross-fertilisation, and x the number of pollinator visits (see Lloyd, 1974) ; the chance that a nonselfed ovule does not get pollinated, due to the pollinator having previously visited only females, decreases as x increases. The recurrence equations for this model are given in the Appendix. Figure 1 summarises the conditions for the spread of nuclear or cytoplasmic male-sterility factors with the simple fitness model of table 1, assuming large x (i.e., all non-selfed ovules assumed to be fertilised). Note that neither 8 nor the fertility of females is constant. The spread of females in the population is likely to affect the amount of inbreeding depression, but this has not been taken into account in any models of gynodioecy. Also, the relative fertility of females declines as their frequency rises (see Lloyd, 1974) . The fertility of females, relative to that of hermaphrodites, when females are present in frequency z, will be written as 1 + k. Equation (A.1) in the Appendix gives the expression for k, for the case of a dominant restorer, assuming that inbreeding depression acts to cause mortality after seeds are produced. (If selfed ovules are subject to very early mortality, the seed output of hermaphrodites would be lower than the value used in equation (A.1), and the value of k correspondingly greater.) The conditions for spread of rare male-sterility factors obviously involve k, the value for the situation when no females are present; these conditions are shown in fig. 1 . When s = 0, the chance of pollination of non-selfed ovules does not enter into the recurrence equations, since females and hermaphrodites are affected identically. For completely outcrossing species, the relative fertility of females is therefore the same for all frequencies of females, and can be measured directly. When there is some selfing, we can measure k, but even if the other fitness parameters are known we cannot estimate k without detailed information about the chances of pollination. If there is no selfing, the lack of dependence of k on the frequency of females means that the condition for an S cytoplasm to spread is also the condition for its fixation. We would therefore not expect to find cytoplasmic male-sterility maintained stably in a self-incompatible species. For a nuclear male-sterility factor, the condition for spread (Charlesworth and Charlesworth, 1978) is also the condition for a polymorphic equilibrium to exist (Lloyd, 1974) . Figure 1 also indicates that when the F cytoplasm or the M gene is fixed, so that there are no females, the other factor cannot be maintained polymorphic, but will be fixed or lost depending purely on its own fitness effect. The case of WN = = 1 is equivalent to the model of Charlesworth and Ganders (1979) ; fig. 1 indicates that in this case the introduction of a restorer gene into a population polymorphic for a cytoplasmic male-sterility factor leads to the elimination of the F cytoplasm so that the final population is either fixed for the restorer in S cytoplasm, or remains polymorphic for the restorer. Cytoplasmic inheritance thus changes over to nuclear inheritance of male-sterility.
Delannay et a!. (1980) showed that with the model of table 1 joint cytoplasmic-genic equilibria can exist. Of the many possible models of this type, these authors studied the case of a dominant, sporophytically-acting restorer gene with all fitness effects acting on female fertility, and with the effects of the cytoplasmic and nuclear genotypes combining multiplicatively (so that WcN intable 1 would be the product of Wc and WN). As can be seen in the Appendix, the recurrence relations for this type of model are complex,
Freq. m gene Nuclear and yield little insight into the behaviour to be expected in the interior of graphs like fig. 1 , unless simplifying assumptions, such as 100 per cent selfing, are made (Delannay eta!., 1980) , and even then the system remains quite complex. It therefore seems best to use a computer to calculate the recurrence relations. Three types of starting populations appear plausible; equilibrium for a cytoplasmic factor; equilibrium for a male-sterility gene; or in cases where neither equilibrium exists, the restorer mutation might arise while the S cytoplasm is spreading to fixation in an mm population. Figure 2 illustrates the fact that joint equilibrium is possible in all four situations with respect to the existence of the boundary equilibria, with various amounts of selfing including s =0, and can occur with x ranging from 1 to very high values. Although strong fitness effects are usually necessary for joint equilibrium (and also for equilibrium for nuclear genes), such equilibria are also possible when the cytoplasmic factor or (rarely) when the M gene has no effect. It is helpful to consider separately the effects of the fitness factors w and WN.
From the results of numerous runs, it appears that WN>l does not permit joint equilibrium; when s = 1, W < 1 is necessary. No case of joint polymorphism with WN> 1 has been found, with any value of Wc, s or (5. With WN = 1, the outcome of the run often depends on the initial state; with low frequencies of m the F cytoplasm is fixed, whereas if the m gene was common enough, the system moved to a position on a line of very slow change, with final fixation or loss of F cytoplasm, depending on the parameter values. In one case (shown in fig. 2d ), the changes were so slow that it appeared that a joint equilibrium had been found. With WN slightly greater than 1, but the other parameter values as in the case of the run shown in fig. 2d , there was no such equilibrium.
With the less plausible assumption that w= 1, joint equilibria are readily found, though if s =0, Wc> 1 is necessary. When s >0, w can even be less than 1, for some values of the other parameters. Table 2 shows details of the equilibria illustrated in fig. 2 . The low frequencies of females at equilibrium are typical of this type of system, though Gouyon (personal communication) has found a parameter set yielding 57 per cent females. Very high frequencies of females, such as have been found in Thymus vulgaris (Pigott, 1955) , Silene vulgaris (Marsden-Jones and Turrill, 1957; own unpublished data), and occasionally in P. lanceolata (Baker, 1963) , seem unlikely to be produced with this type of model, though they can occur if viability differences exist between genotypes (see below). At equilibrium, the seed output of females relative to the average for the various hermaphrodite genotupes (i.e., 1 + k, as given by equation (A.1) in the Appendix) depends in a complex way on the parameter values. High values can be obtained when there are large differences in the values of the fertility parameters, though the values at equilibrium are often considerably below those that would be anticipated from the w and k values alone. The segregation ratios (table Al) that would be obtained from such equilibrium populations are also shown. Different parameter sets yield very different properties in this respect, but it is rare to find that a great proportion of females will produce all female progenies, at equilibrium. Generally, all three types of progenies of females, and of hermaphrodites, would be found so that the results from such equilibrium populations would resemble those obtained from actual gynodioecious species (e.g., Correns, 1908) .
It is easy to modify the recurrence relations to model viability effects on fitness (i.e., w and WN being viabilities instead of ovule outputs), or recessive restorer action. Viability selection would be plausible for species for which no, or small, differences in seed output between females and hermaphrodites exist (though as will be discussed below, nearly all the species for which data are available show a considerably raised seed production in females). Both these models yield conclusions similar to those described above. With viability selection, the equilibrium frequencies of females were higher than those in table 2, for the same parameter values. Of course, many other forms of these models could be studied. For example, a dominant restorer gene might have a recessive action on fitness, rather than dominant action as assumed above. Alternatively, a recessive restorer might nevertheless affect fitness in the heterozygote. No case of joint equilibrium has been found in this case, though they may be possible. One might also remove the assumption of multiplicative interactions. However, in the absence of estimates of any of the assumed effects, in any species, detailed studies of these variants do not seem worthwhile. It is perhaps of interest, however, to point out that most parameter values give oscillations in the gene and cytoplasm frequencies (see fig. 2 ), and that the same population could therefore appear very different at different times. Also, equilibrium is sometimes reached very slowly. It would therefore be unwise to assume that any observed population is in equilibrium.
(ii) Two locus models This type of model was proposed by Lewis and Crowe (1956) to account for their findings in Origanum vulgare. Two alleles at each of two loci are assumed (F, f and H, h). F can be regarded as a dominant male-sterility gene, which is suppressed by H; alternatively h is a recessive male-sterility gene, which is not expressed in if. In order to account for the ratios in some of the families ffhh was assumed to be inviable, and other genotypes also had to have strong viability differences. Thus, this type of model also potentially involves a large number of parameters. Two approaches have been tried, out of the many possible ones.
One approach, due to Ross and Shaw (1971) , assumes no fitness effects other than an increase, k, in the fecundity of females, compared with hermaphrodites. These authors found by computer calculation that, for any given female fecundity, the proportion of females in the equilibrium population was the same as for a one-locus model; this was true for two other models of the interaction between the loci, in addition to the one described above. It is easy to prove that this must be the case, even with some degree of selfing (s) and inbreeding depression (8), provided that no other fitness effects exist. Consider a locus that forms part of a two (or more) locus system causing male-sterility of some genotypes, with complete dominance at all loci such that only two phenotypes, hermaphrodite and female, exist in the system. The equation for change in frequency at such a locus is given by equation (3) of Charlesworth and Charlesworth (1978) . This shows that equilibrium requires that the fitness of the females and hermaphrodites be the same; the condition applies to each locus in the system. It follows that, at equilibrium for a two-locus system, the phenotype frequencies will be the same as with the single-locus system, since the fitnesses depend only on the fixed k, s and 8 values and on the phenotype frequencies. This result means that if a population is at equilibrium for one male-sterility locus, a new allele at another locus such as the second locus in any of the systems studied by Ross and Shaw(1971) would not invade, as the population would already be at the phenotypic equilibrium state. This makes this simple type of twolocus model unlikely as an explanation for the findings in gynodioecious species.
If, however, we impose the additional assumption that ffhh is lethal, there are no longer just two phenotypes in terms of fitness, and it is necessary to do computer calculations. The result of such runs is that fiseliminated. It therefore appears that if this type of model operates in Origanum vulgare, there must indeed be other fitness differences associated with the different genotypes.
The second approach to study of the two-locus models is to assume fitnesses as estimated by Lewis and Crowe (1956) . This has been done by Jam (1968) , who showed that two-locus polymorphisms can be maintained, but that this requires very strong selection (viability of HH less than O5, and of ffhh less than 0.25).
DiscussioN
The results of studying the models described above do not lead to any marked clarification of the genetic situation in any species, since both the two factor systems studied can be maintained in populations, given strong enough selection. The digenic models seem somewhat implausible, particularly as near lethality of the ffhh genotype seems to be required for maintenance of h (Jam, 1968 ) and this has not been found in the other species for which this system has been proposed, Cordateria richardii (Connor, 1973) . Furthermore, Origanum vulgare, for which the digenic model was originally suggested by Lewis and Crowe (1956) has been studied by Kheyr-Pour (1975) and re-interpreted as a case of cytoplasmic inheritance with restorer genes. The genetic ratios that one would obtain in crosses under these two models, are rather similar; female frequencies in progenies of females could be , or 1 on the digenic model and , or 1 on a cytoplasmic model with a recessive restorer, while progenies of hermaphrodites could have female frequencies ranging from 0-1 on either model, though ratios of , and occur only on the digenic model. The two models may thus be hard to distinguish, purely on the basis of family data, especially when there are viability differences.
The cytoplasmic-genic type of model seems more likely to apply in gynodioecious species, though there may be cases of simple cytoplasmic inheritance (e.g., Cirsium oleraceum, Correns, 1916) . Hirschfeldia incana at first appeared to be another case, but restorer genes are probably present at low frequency (Horovitz and Gaul, 1972) and this is also likely for Satureia hortensis (Correns, 1908) . The clearest cases of cytoplasmic-genic systems are Thymus vulgaris (Valdeyron et al., 1977) and Nemophila menziesii (Ganders, 1978) , but the details of the restoration by nuclear factors are not entirely clear. Although Origanum vulgare has cytoplasmic iheritance of male-sterility in some crosses, and restorer genes are also present (KheyrPour, 1975) , matters are complicated by the existence of more than one sterility cytoplasm; it is not clear that any local population contains more than one cytoplasm, or that male-sterility within populations is ever inherited cytoplasmically. Thus, even in the best studied species with genic-cytoplasmic systems many uncertainties remain.
The situation in other species is even less certain. Cirsium palustre may be a case of cytoplasmic-genic inheritance; much of the data (Correns, 1916) fits nuclear genic male-sterility, but irregularities exist that suggest cytoplasmic factors. Limnanthes douglasii has been reported to have a dominant male-sterility gene (Baker, 1966; Jam et al., 1978) . Females of this species, when crossed with hermaphrodites, give either 50 per cent or 100 per cent female progeny. But if male-sterility is dominant, homozygous females cannot arise (unless there is also a genotype which carries the factor but in which the sterility is suppressed). It is therefore impossible for this species to have as simple a mode of inheritance as has been proposed, and it seems likely that there is a cytoplasmic factor also. No clear conclusions can be reached about Silene vulgaris (Correns, 1906; Marsden-Jones and Turrill, 1957) or Centaurea scabiosa (Frost, 1963) , though joint inheritance could well be the case for either of these. In Plantago lanceolata clear evidence exists for both nuclear factors (Ross, 1969 ) and cytoplasmic differences (Ross, 1967; van Damme, personal communication) .
If cytoplasmic-genic inheritance is indeed the system in any of these species, the computer calculations show that quite large fitness differences are to be expected between females and hermaphrodites, and between different hermaphrodite genotypes. It would be interesting to know whether these do in fact exist. Unfortunately, the only fitness data that have been obtained are measures of seed production by females and hermaphrodites in the natural state. It is often found that seed production of females exceeds that of hermaphrodites (Darwin, 1877; Connor, 1973) , but one cannot be sure that this is not due to the progeny of hermaphrodites being partly produced by selfing, with seed failure due to inbreeding depression. In H. incana, which is self-incompatible, however, this cannot be the explanation, and here similar results have been obtained (Horovitz and Beiles, 1980) . Van Damme (personal communication) also finds this in P. lanceolata, another self-incompatible species (Correns, 1908; Ross, 1973 ). An interesting conclusion from the computer results is that joint equilibria are possible with s = 0. This confirms the suggestion of Horovitz and Beiles (1980) that the findings in H. incana could be due to the presence of restorer genes; this species thus appears not to be a contradiction of the prediction that cytoplasmic male-sterility cannot exist in a self-incompatible species. If there are restorer genes present, it is misleading to refer to the system as "cytoplasmic" inheritance.
In maize, fitness estimates for the different genotypes, even under one set of environmental conditions, only exist for one of the three male-sterility cytoplasms (Texas), and for one restorer gene (Rf1). No fitness effect of Rf1 could be detected. Duvick (1965) reviews evidence that Texas cytoplasm reduces seed output (by 2 per cent in normal corn belt conditions) whereas male-sterility increases it by about the same amount, so that in cultivation the yield of Texas male-steriles is approximately equal to that of non-malesterile cytoplasm lines. Chinwuba eta!. (1961) have evidence for an increase in seed output in maize associated with the female phenotype, apart from that due to the presence of male-sterility factors; in crowded conditions k values as large as 026 were found, when male-sterility was due to detasselling. Fitnesses such as these could not maintain a joint cytoplasmicgenie equilibrium (see above). Indeed, a quite specific type of fitness effect is required in order to maintain a joint equilibrium, restorer genes associated with lowered fitness (see section 2(i) above). The only data of which I am aware, other than that quoted above, indicate that newly arisen restorer mutations in maize are associated with a syndrome of deleterious effects that would reduce fitness (Laughnan and Gabay, 1978) . More data on the fitness effects of male-sterility factors in both cultivated species, and in naturally occurring male sterility, would be very valuable. If restorer mutations with deleterious effects arise, a mechanism would exist for converting cytoplasmic inheritance of male-sterility into cytoplasmic-genic inheritance. This could explain the otherwise surprising fact that there are so few cases of simple single-factor inheritance of male sterility. The model of Charlesworth and Ganders (1979) , in which the restorer genes have no fitness effects, predicts that the spread of restorers will convert cytoplasmic into nuclear inheritance, but none of the well-studied species has this mode of inheritance. It could be argued that cytoplasmic factors with associated fitness effects, such as were assumed in section 2(i) above often arise and convert nuclear male-sterility systems into joint systems. There is, however, little evidence for cytoplasmic mutations; the male-sterility cytoplasms in maize generally appear highly stable (Duvick, 1965) , although loss of the sterility property occurs in some strains of maize (Laughnan and Gabay, 1978) , usually due to reversion from sterile to non-male-sterile cytoplasm. Another possible reason for the rarity of populations with nuclear genie control of male-sterility is that they may evolve towards dioecy. Ross (1978) has argued that this is very likely to occur, as the kinds of mutations required reducing the female fertility of the hermaphrodites are a common occurrence. This process has also been studied by Charlesworth and Charlesworth (1978) who showed that evolution from recessive genically controlled gynodioecy to dioecy most likely depends on the occurrence of linked modifiers reducing female fertility, so the process might not be as fast as the occurrence of female sterility mutations in general would suggest. Alternatively, mutations that affect female fertility in the hermaphrodites, but not the females, could be involved. Certainly the occurrence of dioecy, apparently newly evolved, in the floras of oceanic islands, seems to support the view that dioecy can readily evolve (Baker, 1967) .
APPENDIX
Recurrence equations for cytoplasmic male-sterility with a restorer gene present. The restorer is assumed to be dominant and sporophytic in action, and the fitness contributions of the gene and the cytoplasmic factor are At any stage, the relative seed set of females, compared with hermaphrodites can be calculated, assuming that inbreeding depression does not affect the production of seed, but merely lowers subsequent survival of inbred seed. We have 1 +k. = (1 +k)(l z)(l -z)/(hi+h2+h3+h4+h5)[s +t(l _zx)]. (A.1) It is also easy to calculate the proportion of ? x crosses (between individual plants) that will yield each of the possible ratios of females in the progeny. Table Al shows the formulae for these, and for progenies of pairs of hermaphrodites crossed together. The equations for a recessive restorer are as follows. The equations giving g, g, g are exactly as above. Wg = h4s(l -) +t(l -zx)h4p + (1 + k)(l -Zx)p Wg = t(i _zx)h4(l -p) + (1-zx)(l + k)(+ h6p) Wg =(l_zx)(l+k)(1_p)(+h6) z = g + g g1+g4+g2
1-gs -g W = (h1 + h2+ h3 + h4)[s(l -6) + t(l _zx)]+ (g5 + g6)(l + k)(l _zx).
The relative seed set of females is given by the same expression as above (A.l) except that only genotypes ito 4 are hermaphrodites, in the present case. The modification for the case when the restorer has a fitness effect in heterozygotes is obvious. Quantities like those in table Al are also easy to calculate.
